A new dataset and empirical relationships between magnitude/intensity and epicentral distance for liquefaction in central-eastern Sicily by Pirrotta, C. et al.
763
ANNALS  OF  GEOPHYSICS, VOL.  50, N.  6, December  2007
Key  words seismo-induced effects – liquefaction
dataset – magnitude-distance relationships – geolog-
ic hazard – Sicily
1. Introduction
Liquefaction is one of the most common
ground deformation effects of earthquakes and
often a major cause of damage and destruction to
buildings and infrastructures. Liquefaction evi-
dence is considered geological marker of paleo-
seismicity (seismites), because sites affected by
past liquefaction have the potential to liquefy
again. 
Numerous and widespread liquefaction phe-
nomena have been triggered by earthquakes in
several places of the world and many studies
have revealed a strong relationship between
earthquake parameters and maximum epicentral
or fault distance from the sites in which liquefac-
tion develops. These studies are useful to engi-
neers and urban planners for seismic hazard as-
sessment and the mitigation of seismic risk
(Russ, 1982; Talwani and Cox, 1985; Saucier,
1989; Amick et al., 1990).
Italian historical records offer several de-
scriptions of seismogeological effects which
occurred during the last millennium, such as
landslides, liquefaction and ground fracturing.
These records were used to compile several cat-
alogues and liquefaction prone area maps. 
Eastern Sicily is a seismically active area in
which some of the most disastrous Italian
events, with Maw up to 7.4 (Maw equivalent mo-
ment magnitude according to Working Group
CPTI04, 2004), have occurred (e.g., the 1169,
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1693 and 1908 earthquakes) (fig. 1a,b) causing
damage, numerous fatalities and triggering sev-
eral ground failures, as reported by historical
sources. This region was also affected by some
strong earthquakes occurred in Southern Ca-
labria, such as the 1783 seismic sequences.
Geological evidence of liquefactions (fig.
2a), correlated to some of the strongest earth-
quakes of Eastern Sicily, were found in the
Holocene deposits in the Mascali area, which
extends in the eastern flank of Mount Etna, and
in the Catania Plain (fig. 1b), both characterized
by a continental fluviatile sedimentation envi-
ronment (Guarnieri et al., 2008).
The aim of this paper is to revise and update
the previous liquefaction dataset, and to define
empirical relationships, for central-eastern Sici-
ly, between earthquake magnitude/intensity and
maximum epicentral distance of liquefied sites,
using the earthquake source parameters re-
trieved from the recent Italian Earthquake Para-
metric Catalogue (Working Group CPTI04,
2004).
2. Earthquake-induced liquefaction
Earthquake-induced liquefaction is a process
by which saturated granular sediment loses its
strength, due to ground shaking. Seismic shear
waves generated by strong-motion earthquakes
produce inter-particle shear stresses which, in
saturated soil, can induce significant increasing
of pore-water pressures. The increase induces
loss of shear resistance of the sediment and the
soil can undergo large viscous deformations.
This mechanism typically triggers in sandy de-
posits, even though cases of liquefaction in grav-
el-rich deposits are documented (Wong et al.,
1975; Bezerra et al., 2005).
The liquefaction occurrence depends on the
local site conditions (soil composition, local
stratigraphic and topographic amplification) and
on earthquake characteristics, such as magnitude
and distance, which control shaking duration (i.e.
number of cycles and amplitude of imposed shear
stress). Usually, the minimum earthquake magni-
tude value for liquefying sand is estimated to be
about 5.5-6 (Ambraseys, 1991; Valera et al.,
1994), while for gravel-rich deposits about 7 (Va-
lera et al., 1994). 
Earthquake-induced liquefactions commonly
produce sedimentary structures such as dikes,
sand boils and lateral spreading (Obermeier,
Fig. 1a,b. a) Epicentral map of the earthquakes of
central-eastern Sicily and Southern Calabria, data from
the Italian Earthquake Parametric Catalogue (Working
Group CPTI04, 2004); the circles are earthquake epi-
centres with magnitudes higher than 4.8. b) Distribu-
tion map of the seismogeological effects, classified in
table I, retrieved from historical sources (table II).
a
b
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1996) (fig. 2a). These features generally develop
near the epicentral area, more numerous and con-
sistent in the mesoseismic area, decreasing sys-
tematically with the distance from the epicentre
(Obermeier, 1998). 
The liquefaction occurs underground and the
developed structures not always reach the ground
surface. In these cases the seismo-induced lique-
faction can be revealed by others associated phe-
nomena such as surface deformation, differential
compaction, local swelling or collapse (fig. 2b),
differential settlement of building (e.g., Kuri-
bayashi and Tatsuoka, 1975; Galli, 2000); more-
over, ground fissures with water or fluids emis-
sion, can be superficial evidence of liquefaction. 
3. The new dataset of historical liquefaction
phenomena in central-eastern Sicily
Italian historical bibliography offers numer-
ous accounts describing seismo-induced effects
Table I. Classification of the ground features, associated to liquefaction phenomenon. A class embraces the liq-
uefaction features s.s., B class the ground deformation and C class also includes water, gas and bituminous ma-
terial emission.
A B C
sand boils, sand hills Ground deformation Ground deformation 
and sand/mud volcano with material emission
B1 C1
Ground fracturing Ground fracturing with gases exhalation
B2 C2
Ground settlement Ground fracturing 
with hot water, bituminous material 
and/or fluids emission and/or gases exhalation
B3 C3
Ground fracturing Ground fracturing and settlement
and settlement with water and/or gases exhalation
Fig. 2a,b. Examples of liquefaction features in Eastern Sicily: a) surveyed by means of paleo-seismological
analysis in the Catania plain (after Guarnieri et al., 2008); b) from historical reports, liquefaction in the Messi-
na harbour after the 1908 earthquakes (after Baratta, 1910).
a b
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which are reported in catalogues (Berardi et al.,
1991; Galli and Ferreli, 1995; Romeo and Delfi-
no, 1997; Boschi et al., 2000; Galli, 2000; Presti-
ninzi and Romeo, 2000); these have also been
used to draw maps of liquefaction-prone areas
of Italy (Galli and Meloni, 1993) and, at local
scale, of historical liquefaction-induced phe-
nomena in the Catania area (Azzaro, 1999).
This paper presents an updated dataset of liq-
uefaction phenomena in central-eastern Sicily,
realized through the revision of historical ac-
counts, retrieved from the aforementioned cata-
logues and through an original research of histor-
ical primary sources. Besides liquefaction struc-
tures developing at the surface (i.e. sand boils,
dikes and mud volcanoes), effects directly con-
nected to the liquefaction mechanism at depth
(fig. 2b) have also been reported. Soil deforma-
tion phenomena related to liquefaction, accord-
ing to the classification of Galli (2000) and to ge-
ological and geomorphologic criteria, have been
chosen, i.e. ground fissuring, collapse and sur-
face settlements occurred in recent alluvial depo-
sitional areas, flat enough to suggest a their deep
liquefaction-induced origin. For example Bot-
tone (1718) describes the effects observed during
the 1693 earthquake in the Catania plain as fol-
lows: «la terra si aprì in modo spropositato…
Da questa fenditura fuoriuscì una polla di acqua
calda: si osservò che ciò era avvenuto in molti
luoghi della pianura» (The ground surface ex-
cessively opened… The crack ejected hot water:
this phenomenon was observed in several places
of the plain). Using the same criteria, exhalation
of gases and fluids occurred together with sedi-
ment liquefaction, as described for 1908, 1894
and 1783 earthquakes by Lo Giudice (1909) and
Baratta (1910), have been included.
The ground features, associated to liquefac-
tion phenomenon, have been classified into
three groups: A class, liquefaction features s.s.;
B class, ground deformation; C class, ground
deformation with emission of material (table I).
The new dataset (table II) collects 75 lique-
faction effects observed in 26 sites triggered by
14 earthquakes occurred in central-eastern Sicily
and Southern Calabria, from 1169 A.D. to 1990
A.D., and also contains the new earthquake pa-
rameters, location, epicentral intensity Io (MCS),
magnitude, Maw (equivalent moment magnitude)
and Mas (surface wave magnitude), reported by
the CPTI04 Catalogue (Working Group CPTI04,
2004) and the epicentral distance Re, for each liq-
uefied site. The epicentral intensity (Io) varies
from 6 to 11 MCS (table II); the magnitude Maw
from 4.83 to 7.41; and the Mas from 4.3 to 7.41.
Table III summarises the frequency of oc-
currence of liquefaction phenomena for magni-
tude classes. 69% of observed liquefaction fea-
tures are induced by earthquakes with Maw≥ 6.6;
while 24% are related to Maw ranging from 5.6
to 6.5 and only 7% for Maw<5.5. 
4. Relationships between magnitude/
intensity versus epicentral distance (Re)
Several studies have been carried out to ac-
quire empirical relationships between earthquake
source parameters (magnitude, intensity, etc.) and
maximum epicentral or fault distance of liquefied
sites at regional scale and worldwide. These rela-
tionships are useful tools both in geotechnical ap-
plications, such as microzonation studies and
hazard assessment at the regional scale, and in
seismic application, i.e. for the evaluation of the
minimum energy of an earthquake capable to in-
duce liquefaction and of the minimum magnitude
of paleo-earthquakes which have caused lique-
faction in a given site, finally for the recognition
of the probable mesoseismic zone.
Kuribayashi and Tatsuoka (1975) obtained
the correlation between maximum epicentral dis-
Table III. Number of liquefaction cases for Maw in-
terval. Column 3 is the number of events that induced
liquefaction, to be compared with the total number of
events existing in the CPTI04 earthquake catalogue
(Working Group CPTI04, 2004) for magnitude inter-
val classes at the same epicentral distance.
Maw interval No. liquefactions No. events Events 
in CPTI04
7.0-7.5 40 2 2
6.6-6.9 11 3 4
6.0-6.5 15 3 6
5.6-5.9 3 2 6
5.0-5.5 4 3 75
4.6-4.9 1 1 62
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tance of liquefied sites and associated magnitude
for strong earthquakes of Japan. Ambraseys
(1991) considered both epicentral and fault dis-
tance to compute the relationships between mo-
ment-magnitude and distance for 137 liquefac-
tion events scattered around the world. Papa-
dopoulos and Lefkopoulos (1993) obtained a
bounding equation revisiting the worldwide
curves proposed by Ambraseys (1991), adding
their Greek data and other liquefaction observa-
tions in several places of the world. Recently, the
magnitude upper bound method was applied by
Galli (2000) to historical liquefactions induced
by 61 earthquakes occurred in Italy from 1117
A.D. to 1990 A.D. The author related epicentral
intensity Io (MCS), magnitude Ms and equivalent
moment magnitude Me, reported in the previous
version of the Italian parametric catalogue
(Working Group CPTI99, 1999), to the epicen-
tral distance Re; finally, magnitude Ms to the epi-
central distance Re considering only the instru-
mentally observed values for the period 1900
A.D.-1990 A.D. Prestininzi and Romeo (2000)
found for the whole Italian territory maximum
epicentral distances at which ground failures oc-
cur as a function of epicentral intensity, distin-
guishing induced ground effects in topographic
changes, liquefaction, landslides and fractures.
The regional dataset realized in this work
has been used to find local relationships be-
tween earthquake source parameters, Maw, Ms
and Io from CPTI04 (Working Group CPTI04,
2004) and the epicentral distance of the lique-
fied sites (Re). We selected these parameters be-
cause most of the historical earthquakes have
not instrumental data; Maw is the parameter that
could be linked to the earthquake energy being
computed from Io and the extension of the felt
area (Gasperini et al., 1999).
Fig. 3. Distribution of earthquakes that induced lique-
faction effects for the period 1169-1990 in terms of
epicentral distances and Maw values, Mas values and Io
values. Maw, Mas and Io are from CPTI04 (Working
Group CPTI04, 2004). The upper bound equations are
reported in the text as eq. (4.1), eq. (4.2) and eq. (4.3),
respectively. The polygons correspond to the anom-
alous points: star to the Messina site for the 1169 earth-
quake; square refers to Barcellona site for the 1894
earthquake. 
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In the magnitude/intensity-epicentral dis-
tance graphs, the point distribution shows the
area of occurrence of liquefaction effects (fig.
3), the best-fit of the farthest points gives the
upper bound-curves, delimiting liquefaction-
prone areas, whose equations (1, 2 and 3) are
reported below
(4.1)
(4.2)
(4.3)
5. Discussion
The upper bound curves (Maw, Ms and Io ver-
sus Re) obtained for central-eastern Sicily show
a similar trend and highlight that lower intensi-
ty earthquakes have caused liquefaction at very
close distance from the epicentre (<10 km);
43% of the observations occurred with low-
medium magnitude (intensity VIII-IX MCS)
within 50 km from the epicentre. Finally the
events with Maw>6.6 (intensity X-XI) induced
liquefaction at great distances, particularly
earthquakes with Maw>7.0 and intensity XI
(MCS) can trigger liquefaction as far as ∼130
km from the epicentre (fig. 3). 
Only two points fall out of the upper bound
curve, in the area where no liquefaction is pre-
dicted. One of these points refers to ground
fracturing observed in the Messina seaport
during the 1169 earthquake and another point
refers to a ground fracture observed near the
Barcellona P.G. village after the 1894 earth-
quake (fig. 3). These sites are both located in
north-eastern Sicily. Liquefaction at such ex-
ceptionally great distance from the epicentres,
as observed for the previous two sites (table II
and fig. 3), may be due to local geological
characters, but may also be explained with
both mislocation and a magnitude/intensity
wrong estimate of the 1169 and 1894 earth-
quakes.
( . . ) ( . ) ( ). ln RI 2 7 0 0 067 32 1 73o e! != +
( . ) ( . . ) ( ). lnM R0 28 1 16 0 061 85as e! != +
( . . ) ( . . ) ( )lnM R2 67 0 04 0 98 0 01aw e! != +
Moreover, the liquefaction prone areas
show a lack of data for 6≤M≤7.4 and 9≤ Io≤11
and epicentral distance between 40 and 120 km
(fig. 3), indicating that the earthquakes with
these magnitude intervals (1169, 1542, 1783,
1894, 1908 and 1978 events) could have trig-
gered liquefaction outer from the study area.
This lack of data could be due to the inevitable
incompleteness of the dataset, assembled from
historical accounts, and to the fact that the study
region not always embraces the entire meso-
seismic area of the analyzed earthquakes. In
fact the epicentres of the 1783 and 1894 earth-
quakes are localized in Southern Calabria; the
1908 event is located in the Messina Strait; the
1169 and 1542 sources are close to the south-
eastern coast of Sicily, finally the 1978 epicen-
tre is located in the Tyrrhenian Sea (fig. 1).
Comparing ours upper bound curves to pre-
vious ones of several regions of the world
Fig. 4. Comparison between different upper bound
curves from literature and those proposed in this pa-
per: continuous dark grey line (1) and continuous
black line (2) are related to ours Maw and Mas relation-
ships, respectively; dot black line (5) is related to M
values from Kuribayashi and Tatsuoka (1975); dashed
grey line (6) to Mw from Ambraseys (1991); dot light
grey line (7) to Ms from Papadopulos and Lefkopulos
(1993); dashed black line (8) to Me (equivalent magni-
tude) values and continuous light grey line (9) to Ms
ones from Galli (2000).
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(Kuribayashi and Tatsuoka, 1975; Ambraseys,
1991; Papadopoulos and Lefkopoulos, 1993)
and of the Italian country (Galli, 2000), it is
possible to observe a good correspondence of
the curve trends as it regards the surface wave
magnitude Ms versus Re curve (9) from Galli
(2000) (fig. 4) and between our Io versus Re
curve and Galli’s one (fig. 5). Mismatch found
with the Me (equivalent magnitude) versus Re
curve (8) (fig. 4) can be explained with the dif-
ferent source parameters used by the authors. 
6. Conclusions
The analysis performed on historical sources
has enriched previous compilations of liquefac-
tion-induced phenomena that occurred during the
last millennium in central-eastern Sicily. New da-
ta have been introduced and some of the known
historical accounts have been reconsidered also
including environmental effects directly connect-
ed to the liquefaction mechanism, chosen on the
basis of geological and geomorphologic criteria. 
The new dataset contains 75 liquefaction phe-
nomena triggered by 14 earthquakes, with Io>6
(MCS) and Maw >4.6, in 26 sites of central-east-
ern Sicily, and source parameters retrieved from 
the new Italian earthquake catalogue (Working
Group CPTI04, 2004). 
Most of the liquefactions are connected to
earthquakes with magnitude more than 5.4; only
under peculiar site condition, can liquefactions
be triggered by earthquakes with Maw value less
than 5.4, as observed for the 1893 Montalbano
Elicona earthquake (Maw=5.03) and the 1898
Caltagirone earthquake (Maw=4.83). 
The updating of the previous catalogues of
liquefaction effects and the use of the data re-
trieved from the Parametric Catalogue (CPTI04),
allowed us to obtain a version, at regional scale,
of the upper bound curves, Maw, Mas and Io ver-
sus Re, for central-eastern Sicily.
Liquefaction effects described at great dis-
tance suggest that the studied area is particular-
ly sensitive to these kinds of phenomena, prob-
ably due to the seismological characters of the
region and to the distribution of Holocene de-
posits. Moreover, liquefaction effects that fall
out of the bound-curve could reveal mislocation
and/or wrong magnitude estimate of historical
seismic events such as for the 1169 and 1894
earthquakes.
These relationships may be considered a
tool for evaluating the minimum energy of an
earthquake inducing liquefaction effects, useful
in paleoseismic analyses and hazard evaluation,
i.e. for engineering applications and for the
Civil Protection Department, especially in areas
subject to industrial and urban growth.
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